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LOW COMPLEXITY ALL-DIGITAL PIM 
COMPENSATOR 

RELATED APPLICATIONS 

0001. This application is a Continuation-in-Part of U.S. 
application Ser. No. 13/565,167 entitled PIMCOMPENSA 
TION IN A RECEIVER, filed Aug. 2, 2012, the disclosure of 
which is hereby incorporated herein by reference in its 
entirety. 

FIELD OF THE DISCLOSURE 

0002 The present disclosure relates to compensating for 
Passive Intermodulation (PIM) in a receiver. 

BACKGROUND 

0003 Passive Intermodulation (PIM) occurs when signals 
are present in a passive device that exhibits some non-linear 
behavior. In a wireless communication device Such as a base 
station of a wireless communication network, PIM occurs 
when a high power transmit signal is passed through a passive 
device that exhibits some non-linearity. This non-linear pas 
sive device is referred to as a PIM source. The PIM source 
may be a non-linear component in a transmit path of the 
wireless communication device such as, for example, a cable, 
a connector, a duplex filter, an antenna of the wireless com 
munication device, or the like. The PIM source may alterna 
tively be due to an object that is external to the wireless 
communication device (e.g., a fence). The wireless commu 
nication device may have multiple PIM sources. 
0004. The PIM created by a PIM source includes multiple 
Intermodulation Products (IMPs) (e.g., 2' order, 3' order, 
etc.) of the transmit signal. When any of the IMPs fall within 
a passband of a receiver of the wireless communication 
device, a resulting PIM distortion is introduced into the 
received signal and, as a result, the receiver is desensitized. 
PIM distortion is particularly problematic for multi-carrier or 
multi-band wireless communication devices. Multi-carrier or 
multi-band signals are an important characteristic of modern 
wireless communication standards (e.g., the Long Term Evo 
lution (LTE) cellular communication standard) as well as 
multi-standard, or multi-band, wireless communication 
devices. As such, PIM distortion is becoming an increasingly 
important problem that needs to be addressed. 
0005 One previous approach to addressing PIM distortion 

is described in U.S. Patent Application Publication No. 2011/ 
0075754, entitled “Mitigation of Transmitter Passive and 
Active Intermodulation Products in Real and Continuous 
Time in the Transmitter and Co-Located Receiver” which 
was filed on Aug. 5, 2010 and published on Mar. 31, 2011. In 
this published patent application, PIM distortion is estimated 
by modeling the PIM distortion with a polynomial model in 
the digital domain at baseband. However, this polynomial 
model requires a very large number of polynomial orders to 
accurately model the PIM distortion. For example, in J. Hen 
rie, A. Christianson, W. J. Chappell, “Prediction of passive 
intermodulation from coaxial connectors in microwave net 
works. IEEE Trans. On Microwave Theory and Techniques, 
Vol. 56, No. 1, January 2008, pp. 209-216, it was determined 
that a 49' order polynomial was required to accurately model 
the AM-AM curve for the PIM of a Subminiature 
version A (SMA) connector, where AM-AM repre 
sents a relationship between the amplitude of the input signal 
(fundamental) to the amplitude of the output IM3 signal. The 
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required amount of digital resources required for the polyno 
mial model increases as the number of orders of the polyno 
mial model increases. As such, an accurate polynomial model 
of the PIM distortion requires, in many cases, a prohibitively 
large amount of digital resources. 
0006 Another approach to compensating for PIM distor 
tion is described in N.M. Amin and M. Weber, “Transmit and 
receive crosstalk cancellation.” 2010 6" International Con 
ference on Emerging Technologies (ICET), Oct. 18-19, 2010, 
pp. 210-215. However, this approach assumes that the non 
linear behavior of the PIM source (i.e., the shape of the 
AM-AM, and AM-PM curves) is similar to 
that of the non-linearity of the power amplifier of the trans 
mitter after power amplifier linearization has been applied. 
This assumption is very restrictive. As an example, a PIM 
source may have a certain ratio of 5" to 3" order IMPs, but the 
linearized power amplifier may have a different ratio. 
0007 As such, there is a need for a system and method for 
compensating for PIM distortion in a receiver that overcomes 
the aforementioned problems associated with prior 
approaches. 

SUMMARY 

0008. The present disclosure relates to compensation for 
Passive Intermodulation (PIM) distortion in a receiver. In one 
embodiment, a communication device includes a transmitter 
that is configured to receive a digital input signal and output 
a radio frequency transmit signal, a main receiver configured 
to receive a radio frequency receive signal and output a digital 
output signal, and a PIM compensation Subsystem. The radio 
frequency receive signal includes PIM distortion that is a 
non-linear function of the radio frequency transmit signal 
output by the transmitter. In order to compensate for the PIM 
distortion, the PIM compensation subsystem receives the 
digital input signal of the transmitter, generates a digital PIM 
estimate signal that is an estimate of the PIM distortion in the 
digital output signal of the main receiver, and Subtracts the 
digital PIM estimate signal from the digital output signal of 
the main receiver. The PIM compensation subsystem gener 
ates the digital PIM estimate signal based on the digital input 
signal of the transmitter according to a behavioral model of 
the transmitter, a source of the PIM distortion, and the main 
receiver. In one embodiment, the behavioral model is a sim 
plified Volterra model. In one particular embodiment, the 
behavioral model is a generalized memory polynomial 
model, which is one type of simplified Volterra model. 
0009. In one embodiment, the PIM compensation sub 
system includes a combined Digital Predistorter (DPD) and 
PIM estimate generation subsystem. The combined DPD and 
PIM estimate generation Subsystem is configured to predis 
tort the digital input signal of the transmitter according to a 
behavioral model of an inverse of a nonlinearity of the trans 
mitter. In addition, the combined DPD and PIM estimate 
generation Subsystem is configured to generate the digital 
PIM estimate signal based on the digital input signal of the 
transmitter according to the behavioral model of the transmit 
ter, the source of the PIM distortion, and the main receiver. In 
one preferred embodiment, the combined DPD and PIM esti 
mate generation Subsystem includes one or more shared com 
ponents used for both predistortion of the digital input signal 
and generation of the digital PIM estimate signal. In one 
embodiment, the behavioral models are simplified Volterra 
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models (e.g., generalized memory polynomial models), and 
the one or more shared components are one or more shared 
regressors. 
0010. In one embodiment, the radio frequency transmit 
signal is a concurrent multi-band signal, and the digital input 
signal is a single wideband digital signal that includes a 
separate baseband representation for each frequency band of 
the concurrent multi-band signal. 
0011. In another embodiment, the radio frequency trans 
mit signal is a concurrent multi-band signal, and the trans 
mitter is configured to receive multiple digital input signals, 
each representing a different frequency band of the concur 
rent multi-band signal. The PIM compensation subsystem 
receives the multiple digital input signals of the transmitter 
and generates the digital PIM estimate signal based on the 
multiple digital input signals of the transmitter according to 
the behavioral model of the transmitter, the source of the PIM 
distortion, and the main receiver. 
0012 Those skilled in the art will appreciate the scope of 
the present disclosure and realize additional aspects thereof 
after reading the following detailed description of the pre 
ferred embodiments in association with the accompanying 
drawing figures. 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

0013 The accompanying drawing figures incorporated in 
and forming a part of this specification illustrate several 
aspects of the disclosure, and together with the description 
serve to explain the principles of the disclosure. 
0014 FIG. 1 illustrates a communication device including 
a receiver that compensates for Passive Intermodulation 
(PIM) distortion that is a nonlinear function of a transmit 
signal transmitted by a transmitter of the communication 
device according to a first embodiment of the present disclo 
SU 

0.015 FIG. 2 is a more detailed illustration of one embodi 
ment of the adaptive filter of FIG. 1; 
0016 FIG.3 illustrates a communication device including 
a receiver that compensates for PIM distortion that is a non 
linear function of a transmit signal transmitted by a transmit 
ter of the communication device according to a second 
embodiment of the present disclosure; 
0017 FIG. 4 illustrates a communication device including 
a receiver that compensates for PIM distortion that is a non 
linear function of a transmit signal transmitted by a transmit 
ter of the communication device according to a third embodi 
ment of the present disclosure; 
0018 FIG. 5 illustrates a communication device including 
a receiver that compensates for PIM distortion that is a non 
linear function of a transmit signal transmitted by a transmit 
ter of the communication device according to a fourth 
embodiment of the present disclosure; 
0019 FIG. 6 is a flow chart that illustrates a process for 
compensating for PIM distortion in a receiver of a communi 
cation device, where the PIM distortion is a non-linear func 
tion of a transmit signal transmitted by a transmitter of the 
communication device, according to one embodiment of the 
present disclosure; 
0020 FIG. 7 illustrates one example of Intermodulation 
Distortion (IMD) in a transmit band of a concurrent multi 
band transmitter as well as resulting PIM distortion in a paired 
receive channel; 
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0021 FIG. 8 illustrates a communication device that uti 
lizes a behavioral model of a transmitter, a PIM source, and a 
receiver to cancel PIM in a digital output signal according to 
one embodiment of the present disclosure; 
0022 FIG. 9 illustrates a communication device that 
includes a combined Digital Predistortion (DPD) and PIM 
estimate generation Subsystem according to one embodiment 
of the present disclosure; 
0023 FIG. 10 is a more detailed illustration of one 
example of the combined DPD and PIM estimate generation 
subsystem of FIG. 9 according to one embodiment of the 
present disclosure; 
0024 FIG. 11 illustrates a communication device that 
includes a combined DPD and PIM estimate generation sub 
system for a concurrent multi-band transmit signal according 
to one embodiment of the present disclosure; 
0025 FIGS. 12A and 12B are a more detailed illustration 
of one example of the combined DPD and PIM estimate 
generation Subsystem of FIG. 11 according to one embodi 
ment of the present disclosure; and 
0026 FIG. 13 is a flow chart that illustrates a process for 
providing PIM compensation according to one embodiment 
of the present disclosure. 

DETAILED DESCRIPTION 

0027. The embodiments set forth below represent the nec 
essary information to enable those skilled in the art to practice 
the embodiments and illustrate the best mode of practicing 
the embodiments. Upon reading the following description in 
light of the accompanying drawing figures, those skilled in 
the art will understand the concepts of the disclosure and will 
recognize applications of these concepts not particularly 
addressed herein. It should be understood that these concepts 
and applications fall within the scope of the disclosure and the 
accompanying claims. 
0028. The present disclosure relates to compensation for 
Passive Intermodulation (PIM) distortion in a receiver. In this 
regard, FIG. 1 illustrates a communication device 10 that 
compensates for PIM distortion in a receiver of the commu 
nication device 10 according to one embodiment of the 
present disclosure. The communication device 10 may be a 
base station for a cellular communication network, but is not 
limited thereto. The communication device 10 is preferably a 
multi-carrier or multi-band communication device (e.g., a 
communication device that simultaneously operates in two 
different Long Term Evolution (LTE) frequency bands). As 
illustrated, the communication device 10 includes a transmit 
ter 12 and a receiver 14 (also referred to herein as the main 
receiver 14) coupled to an antenna 16 via a duplexer 18. The 
transmitter 12 is referred to herein as a "companion transmit 
ter' of the receiver 14. As used herein, the transmitter 12 is a 
“companion transmitter of the receiver 14 if the transmitter 
12 and the receiver 14 are coupled to the same antenna, which 
in FIG. 1 is the antenna 16. Typically, this occurs when the 
transmitter 12 and the receiver 14 are incorporated into a 
single transceiver. 
0029. The transmitter 12 includes conventional transmit 
ter components such as, for example, up-conversion circuitry 
(not shown) and a power amplifier (PA) 20. The transmitter 12 
operates to process (e.g., up-convert and amplify) a baseband 
(BB) input signal to output a radio frequency transmit (RF 
TX) signal. The radio frequency transmit signal then passes 
through the duplexer 18 to the antenna 16 such that the radio 
frequency transmit signal is transmitted by the communica 
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tion device 10. After being output by the transmitter 12, the 
radio frequency transmit signal passes through a PIM Source 
22. In this example, the PIM source 22 is an antenna port of 
the duplexer 18 (i.e., an output of the PIM source 22 is 
coupled to the antenna 16). However, the PIM source 22 is not 
limited thereto. Rather, the PIM source 22 may be any passive 
component between an output of the transmitter 12 and the 
antenna 16 that includes some amount of non-linearity or 
even an object that is external to the communication device 10 
(e.g., a fence). Due to the non-linearity of the PIM source 22, 
PIM is introduced into a radio frequency receive signal 
received at the antenna 16. The PIM includes a number of 
Intermodulation Products (IMPs) of the radio frequency 
transmit signal. The IMPs include 2" order IMPs, 3" order 
IMPs, etc. 
0030 The receiver 14 includes conventional receiver com 
ponents such as, for example, a Low Noise Amplifier (LNA) 
24, filters (not shown), down-conversion circuitry (not 
shown), and the like. The receiver 14 operates to process (e.g., 
amplify, filter, and down-convert) a radio frequency receive 
(RX) signal received from the antenna 16 via the duplexer 18 
to output a main receiver output signal. The IMPs of the radio 
frequency transmit signal produced by the PIM source 22 that 
fall within a passband of the receiver 14 result in PIM distor 
tion in the main receiver output signal that is output by the 
receiver 14. As discussed below, an estimate of the PIM 
distortion, which is referred to herein as a PIM estimate 
signal, is generated and provided to subtraction circuitry 26. 
The subtraction circuitry 26 operates to subtract the PIM 
estimate signal from the main receiver output signal in the 
digital domain to thereby provide a compensated output sig 
nal. The PIM estimate signal is generated such that the PIM 
distortion in the compensated output signal is minimized, or 
at least substantially reduced, as compared to the PIM distor 
tion in the main receiver output signal. 
0031. In this embodiment, the PIM estimate signal is gen 
erated by a tunable non-linear circuit 28, an auxiliary receiver 
30, and an adaptive filter 32 connected as shown. The tunable 
non-linear circuit 28 is not limited to any particular circuit and 
may be implemented using, for example, circuits convention 
ally used for pre- and post-distortion of power amplifiers. The 
tunable non-linear circuit 28 models the PIM source 22 to 
generate a number of IMPs using the radio frequency transmit 
signal obtained from the output of the transmitter 12. More 
specifically, the tunable non-linear circuit 28 processes the 
radio frequency transmit signal obtained from the output of 
the transmitter 12 to generate an output signal, which is 
referred to herein as an IMP signal, that includes a number of 
IMPs of the radio frequency transmit signal (e.g., 2" order, 
3" order, etc.). Importantly, the tunable non-linear circuit 28 
models the PIM source 22 in the analog domain at either radio 
frequency or some desired intermediate frequency. As such, 
the complexity of the circuitry used to model the PIM source 
22 is substantially less complex than that required for a poly 
nomial model approach that models the PIM or PIM distor 
tion at baseband in the digital domain. Further, the tunable 
non-linear circuit 28 enables tuning to account for differences 
in the non-linear behavior of the PIM source 22 and the power 
amplifier 20 after any power amplifier linearization has been 
applied (i.e., the shape of the AM-AM and AM 
PM curves). 
0032. The IMP signal output by the tunable non-linear 
circuit 28 is processed by the auxiliary receiver 30 to provide 
an auxiliary receiver output signal. The auxiliary receiver 30 
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models the receiver 14. More specifically, the auxiliary 
receiver 30 is tuned to the passband of the receiver 14 such 
that the auxiliary receiver output signal includes downcon 
verted and digitized versions of only those IMPs that fall 
within the passband of the receiver 14. 
0033. The adaptive filter 32 then adaptively filters the aux 
iliary receiver output signal to provide the PIM estimate sig 
nal. The adaptive filter 32 models a difference between a main 
PIM path between the PIM source 22 and the output of the 
receiver 14 and an auxiliary PIM path between the output of 
the tunable non-linear circuit 28 and the output of the auxil 
iary receiver 30. Preferably, the tunable non-linear circuit 28 
and the adaptive filter 32 are adaptively configured based on 
the compensated output signal such that the PIM distortion in 
the compensated output signal is minimized, or at least Sub 
stantially reduced, as compared to that in the main receiver 
output signal. As an example, the tunable non-linear circuit 28 
may be adaptively configured using a power minimization 
algorithm, and the adaptive filter 32 may be adaptively con 
figured using a Least Mean Squares (LMS) algorithm or a 
variant thereof. Note, however, that these algorithms are 
examples only and are not intended to limit the scope of the 
present disclosure. Any suitable algorithms for adaptively 
configuring the tunable non-linear circuit 28 and the adaptive 
filter 32 in order to minimize, or at least substantially reduce, 
the PIM distortion in the compensated output signal may be 
used. 

0034 FIG. 2 is a more detailed illustration of the adaptive 
filter 32 of FIG. 1 according to one embodiment of the present 
disclosure. In this embodiment, the adaptive filter 32 includes 
a variable filter 34 and an adaptor 36 connected as shown. In 
operation, the variable filter 34 filters the auxiliary receiver 
output signal to provide the PIM estimate signal. As discussed 
above, the subtraction circuitry 26 subtracts the PIM estimate 
signal from the main receiver output signal to provide the 
compensated output signal. Based on the compensated output 
signal, the adaptor 36 updates one or more configuration 
parameters (e.g., filter coefficients) for the variable filter 34 
using a desired update, or adaptation, algorithm (e.g., an LMS 
algorithm or a variant thereof) in order to minimize a differ 
ence between the main receiver output signal and the PIM 
estimate signal. Note that adaptation may be performed more 
quickly if performed during a period of time when the main 
receiver output signal includes only the PIM distortion (i.e., 
when there is no received signal). However, adaptation may 
be performed even when the main receiver output signal 
includes a received signal in addition to the PIM distortion. 
0035 FIG. 3 illustrates the communication device 10 
according to another embodiment of the present disclosure. 
This embodiment is substantially the same as that in FIG. 1 
but where the input of the tunable non-linear circuit 28 is 
connected to the antenna port of the duplexer 18. In other 
words, the radio frequency transmit signal input to the tunable 
non-linear circuit 28 is obtained from the antenna port of the 
duplexer 18, which is also the PIM source 22. By tapping the 
radio frequency transmit signal at the PIM source 22, the most 
accurate version of the radio frequency transmit signal from 
which the PIM is produced is also input into the tunable 
non-linear circuit 28. It should also be noted that while FIGS. 
1 and 3 illustrate embodiments where the radio frequency 
transmit signal is tapped at the output of the transmitter 12 and 
the antenna port of the duplexer 18, the present disclosure is 
not limited thereto. The radio frequency transmit signal may 
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be tapped at any desired location between the output of the 
transmitter 12 and the antenna 16. 

0.036 FIG. 4 illustrates the communication device 10 
according to another embodiment of the present disclosure. 
This embodiment is substantially the same as that in FIG. 1 
but where the input of the tunable non-linear circuit 28 is a 
low-power auxiliary transmit signal generated by a low 
power auxiliary transmitter 38. As used herein, the “low 
power auxiliary transmitter 38 is a transmitter that models 
the transmitter 12 but that generates an output signal at a 
power level that is less than, and preferably substantially less 
than, a power level of the radio frequency transmit signal 
output by the transmitter 12. 
0037. In this embodiment, the baseband input signal of the 
transmitter 12 is also processed by an auxiliary transmit path 
to provide the low-power auxiliary transmit signal. More 
specifically, the baseband input signal is provided to a digital 
filter 40. The digital filter 40 is configured to model a differ 
ence between the auxiliary transmit path and the main trans 
mit path through the transmitter 12 preferably including the 
path between the output of the transmitter 12 and the PIM 
source 22. The digital filter 40 may be an adaptive filter to 
permit modeling of the difference between the main and 
auxiliary transmit paths regardless of the location of the PIM 
Source 22 in the main transmit path (e.g., at a connector at the 
output of the duplexer 18, external to the antenna 16, or the 
like). 
0038. The digital filter 40 outputs a filtered baseband 
transmit input signal, which is processed by the low-power 
auxiliary transmitter 38 to provide the low-power auxiliary 
transmit signal. In one embodiment, the low-power auxiliary 
transmitter 38 generates the low-power auxiliary transmit 
signal Such that a carrier frequency of the low-powerauxiliary 
transmit signal is the same as that of the radio frequency 
transmit signal. However, in another embodiment, the low 
power auxiliary transmitter 38 generates the low-power aux 
iliary transmit signal Such that the carrier frequency of the 
low-power auxiliary transmit signal is less than, and prefer 
ably Substantially less than, that of the radio frequency trans 
mit signal. For example, the low-power auxiliary transmit 
signal may be generated at 500 megahertz (MHz), whereas 
the radio frequency transmit signal may be generated at a 
significantly higher frequency (e.g., 2,000 MHz). As a result, 
the auxiliary transmit path may operate at a much lower 
frequency than the main transmit path, which in turn reduces 
cost and complexity. 
0039. The low-power auxiliary transmit signal is provided 

to the input of the tunable non-linear circuit 28. The tunable 
non-linear circuit 28, the auxiliary receiver 30, and the adap 
tive filter 32 then operate in the manner described above to 
generate the PIM estimate signal as a function of the low 
power auxiliary transmit signal. The Subtraction circuitry 26 
then subtracts the PIM estimate signal from the main receiver 
output signal to provide the compensated output signal. 
0040 FIG. 5 illustrates the communication device 10 
according to yet another embodiment of the present disclo 
Sure. This embodiment is substantially the same as that in 
FIG. 1 but where the input of the tunable non-linear circuit 28 
is connected to the output of the transmitter 12 via a delay 42. 
In other words, in this embodiment, a delayed version of the 
radio frequency transmit signal is provided as the input of the 
tunable non-linear circuit 28. The delay 42 may be imple 
mented as a filter. The delay 42 operates to add an additional 
group delay before the tunable non-linear circuit 28. This 
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additional group delay may be configured to better match a 
group delay of the path between the output of the transmitter 
12 and the PIM source 22. The group delay of the path 
between the output of the transmitter 12 and the PIM source 
22 results in frequency dependent AM-PM curves. 
The additional group delay added by the delay 42 reduces this 
dependency by matching out the delays. 
0041 FIG. 6 is a flow chart illustrating a process for com 
pensating for PIM distortion at the receiver 14 according to 
one embodiment of the present disclosure. As illustrated, the 
radio frequency receive signal from the antenna 16 is received 
by the receiver 14 to provide the main receiver output signal 
(block 1000). The radio frequency receive signal includes the 
IMPs of the radio frequency transmit signal generated at the 
PIM source 22. In addition, the IMP signal is generated by the 
tunable non-linear circuit 28 using the signal that is indicative 
of the radio frequency transmit signal output by the transmit 
ter 12 (block 1002). The IMPs that are in the passband of the 
receiver 14 are then captured by the auxiliary receiver 30 
(block 1004), and the resulting auxiliary receiver output sig 
nal is adaptively filtered by the adaptive filter 32 to provide the 
PIM estimate signal (block 1006). The PIM estimate signal is 
then Subtracted from the main receiver output signal to 
thereby provide the compensated output signal (block 1008). 
Lastly, prior to and/or during operation, the tunable nonlinear 
circuit 28 and the adaptive filter 32 are adaptively configured 
to minimize, or at least substantially reduce, the PIM distor 
tion in the compensated output signal (block 1010). 
0042. The embodiments described above each include at 
least Some analog components in the PIM compensation path 
(e.g., the tunable non-linear circuit 28 and components of the 
auxiliary receiver 30 of FIG.1 are analog components). FIGS. 
8 through 12 relate to embodiments that perform PIM com 
pensation entirely in the digital domain (i.e., all-digital PIM 
compensation). However, before discussing the all-digital 
PIM compensation embodiments, a discussion of digital pre 
distortion versus PIM compensation is provided. As illus 
trated in FIG. 7, a concurrent dual-band radio frequency 
transmit signal in a transmit band of a transmitter includes 
desired components at fundamental frequencies, or carrier 
frequencies f and f, of the concurrent dual-band signal as 
well as third-order, fifth-order, seventh-order, and ninth-order 
Intermodulation Distortion (IMD) resulting from nonlinear 
ity of the transmitter (e.g., nonlinearity of a PA of the trans 
mitter). Digital predistortion is utilized to suppress the IMD 
across the entire transmit band generated by the transmitter. 
The TX filter removes the rest of the IMD outside of the 
transmit band. Conversely, a PIM source (e.g., a PIM source 
in the duplexer) results in IMPs of the concurrent dual-band 
radio frequency transmit signal in a receive band of a com 
panion receiver that cannot be removed by the TX filter. In 
other words, the PIM source results in IMD in the receive 
band of the companion receiver. The goal of PIM compensa 
tion is to estimate and remove the IMD in the receive band, 
and particularly the paired RX channels. Notably, the dual 
band signal of FIG. 7 is only an example. The same concepts 
apply to single-band signals and other multi-band signals. 
0043 FIG. 8 illustrates a communication device 44 that 
includes an all-digital PIM compensation Subsystem accord 
ing to one embodiment of the present disclosure. The com 
munication device 44 may be a base station for a cellular 
communication network, but is not limited thereto. The com 
munication device 44 is preferably a multi-carrier or multi 
band communication device (e.g., a communication device 
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that simultaneously operates in two different LTE frequency 
bands). As illustrated, the communication device 44 includes 
a transmitter 46 and a receiver 48 (also referred to herein as 
the main receiver 48) coupled to an antenna 50 via a duplexer 
52. The transmitter 46 is referred to herein as a “companion 
transmitter of the receiver 48. As used herein, the transmitter 
46 is a “companion transmitter of the receiver 48 if the 
transmitter 46 and the receiver 48 are coupled to the same 
antenna, which in FIG. 8 is the antenna 50. Typically, this 
occurs when the transmitter 46 and the receiver 48 are incor 
porated into a single transceiver. Likewise, the receiver 48 is 
referred to hereinas a “companion receiver of the transmitter 
46. 

0044. The transmitter 46 includes conventional transmit 
ter components such as, for example, up-conversion circuitry 
(not shown) and a PA 54. The transmitter 46 operates to 
process (e.g., digital-to-analog convert, up-convert, and 
amplify, but not necessarily in that order) a digital input 
signal, which is preferably a digital baseband signal, to output 
a radio frequency transmit signal. The radio frequency trans 
mit signal then passes through the duplexer 52 to the antenna 
50 such that the radio frequency transmit signal is transmitted 
by the communication device 44. After being output by the 
transmitter 46, the radio frequency transmit signal passes 
through a PIM source 56. In this example, the PIM source 56 
is an antenna port of the duplexer 52. However, the PIM 
source 56 is not limited thereto. Rather, the PIM source 56 
may be any passive component between an output of the 
transmitter 46 and the antenna 50 that includes some amount 
of non-linearity or even an object that is external to the com 
munication device 44 (e.g., a fence). Due to the non-linearity 
of the PIM source 56, PIM is introduced into a radio fre 
quency receive signal received at the antenna 50. The PIM 
includes a number of IMPs of the radio frequency transmit 
signal. The IMPs include 2' order IMPs, 3 order IMPs, etc. 
0045. The receiver 48 includes conventional receiver com 
ponents such as, for example, a LNA 58, filters (not shown), 
down-conversion circuitry (not shown), an analog-to-digital 
converter (not shown), and the like. The receiver 48 operates 
to process (e.g., amplify, filter, down-convert, and analog-to 
digital convert) a radio frequency receive signal received 
from the antenna 50 via the duplexer 52 to output a digital 
output signal, which is referred to herein as a main receiver 
output signal. The IMPs of the radio frequency transmit sig 
nal produced by the PIM source 56 that fall within a passband 
of the receiver 48 result in PIM distortion in the main receiver 
output signal that is output by the receiver 48. As discussed 
below, an estimate of the PIM distortion, which is a digital 
signal referred to hereinas a PIM estimate signal, is generated 
and provided to subtraction circuitry 60. The subtraction cir 
cuitry 60 operates to subtract the PIM estimate signal from the 
main receiver output signal in the digital domain to thereby 
provide a compensated output signal. The PIM estimate sig 
nal is generated such that the PIM distortion in the compen 
sated output signal is minimized, or at least Substantially 
reduced, as compared to the PIM distortion in the main 
receiver output signal. 
0046. In this embodiment, the PIM estimate signal is gen 
erated by a behavioral model subsystem 62 that models the 
transmitter 46, the PIM source 56, and the receiver 48. It 
should be noted that, together, the behavioral model sub 
system 62 and the subtractor 60 are referred to hereinas a PIM 
compensation Subsystem. More specifically, the behavioral 
model subsystem 62 and the subtractor 60 form an all-digital 
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PIM compensation subsystem. The behavioral model sub 
system 62 receives the digital input signal of the transmitter 
46 and processes the digital input signal according to a behav 
ioral model of the transmitter 46, the PIM source 56, and the 
receiver 48 to generate the PIM estimate signal in the digital 
domain. In one preferred embodiment, the behavioral model 
is a simplification of the Volterra series (referred to herein as 
a simplified Volterra model), where the digital input signal of 
the transmitter is an input of the simplified Volterra model and 
the PIM estimate signal is an output of the simplified Volterra 
model. In one particular embodiment, the simplified Volterra 
model is a generalized memory polynomial model for a 
desired memory depth (e.g., a memory depth of 2). 
0047. As will be appreciated by one of ordinary skill in the 

art, the Volterra series is a popular mathematical technique 
used to model the behavior of a nonlinear function or an 
inverse, or reverse, of a non-linearity for digital predistortion. 
The Volterra series is a weighted Sum of many regressor 
functions. The weights correspond to the Volterra kernels, and 
the regressors correspond to the products obtained by multi 
plying different combinations of delayed versions of the input 
signal of the Volterra series. Each regressor can include some 
complex conjugate terms. For example, the multiplicands of 
the regressors for a signal input Volterra series with a memory 
depth of 2 are: Xin Xin, Xin-1, Xin-1. For a 
third-order nonlinearity, there are many regressors, two of 
which are: Xin Xinxin, Xinxin-1, Xin-1. 
While there are several different types of simplified Volterra 
models, one type of simplified Volterra model is a generalized 
memory polynomial model. Each regressor in a generalized 
memory polynomial is a function of only two delayed ver 
sions of the input signal. Notably, the term “generalized 
memory polynomial has a technical meaning in the art of 
nonlinear modeling. In particular, a generalized memory 
polynomial is one type of simplified Volterra model, and a 
memory polynomial is one specific implementation of agen 
eralized memory polynomial. 
0048. The behavioral model of the transmitter 46, the PIM 
source 56, and the receiver 48 is trained using any suitable 
training technique. For example, in the embodiment where 
the behavioral model is a generalized memory polynomial, 
the regressors are known for the desired memory depth and 
order, and the weights are trained such that the PIM distortion 
in the compensated output signal is minimized. Notably, the 
same techniques used to train simplified Volterra models used 
for digital predistortion may also be used to train the behav 
ioral model for PIM compensation. 
0049. In one embodiment, the radio frequency transmit 
signal output by the transmitter 46 is a concurrent multi-band 
signal. As used herein, a concurrent multi-band signal is a 
signal that contains frequency components occupying mul 
tiple frequency bands (i.e., a first continuous frequency band, 
a second continuous frequency band, etc.) with no frequency 
components between adjacent frequency bands. In one 
embodiment, the concurrent multi-band signal includes two 
frequency bands and, as such, is also referred to herein as a 
concurrent dual-band signal. The digital input signal includes 
a separate baseband representation for each frequency band 
of the concurrent multi-band radio frequency transmit signal. 
In this embodiment, the transmitter 46 treats the concurrent 
multi-band radio frequency transmit signal as a single wide 
band signal. However, in an alternative embodiment, the 
transmitter 46 may receive a separate digital input signal for 
each frequency band of the concurrent multi-band radio fre 
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quency transmit signal, in which case the behavioral model 
subsystem 62 generates the PIM estimate signal based on 
digital input signals for the frequency bands of the concurrent 
multi-band radio frequency transmit signal according to a 
multi-input behavioral model. The multi-input behavioral 
model is preferably a multi-input simplified Volterra model 
(e.g., a multi-input generalized memory polynomial model). 
0050 FIG. 9 illustrates a communication device 64 that 
provides all-digital PIM compensation according to another 
embodiment of the present disclosure. The communication 
device 64 may be a base station for a cellular communication 
network, but is not limited thereto. The communication 
device 64 is preferably a multi-carrier or multi-band commu 
nication device (e.g., a communication device that simulta 
neously operates in two different LTE frequency bands). As 
illustrated, the communication device 64 includes a transmit 
ter 66 and a receiver 68 (also referred to herein as the main 
receiver 68) coupled to an antenna 70 via a duplexer 72. The 
transmitter 66 is referred to herein as a “companion transmit 
ter' of the receiver 68. Likewise, the receiver 68 is referred to 
herein as a “companion receiver of the transmitter 66. 
0051. The transmitter 66 includes a combined digital pre 
distortion (DPD) and PIM estimate generation subsystem 74, 
a digital-to-analog (D/A) converter 76, an upconversion Sub 
system 78, and a PA 80 connected as shown. The transmitter 
66 operates to process (e.g., predistort, digital-to-analog con 
Vert, up-convert, and amplify, but not necessarily in that 
order) a digital input signal, which is preferably a digital 
baseband signal, to output a radio frequency transmit signal. 
The radio frequency transmit signal then passes through the 
duplexer 72 to the antenna 70 such that the radio frequency 
transmit signal is transmitted by the communication device 
64. After being output by the transmitter 66, the radio fre 
quency transmit signal passes through a PIM Source 82. In 
this example, the PIM source 82 is an antenna port of the 
duplexer 72. However, the PIM source 82 is not limited 
thereto. Rather, the PIM source 82 may be any passive com 
ponent between an output of the transmitter 66 and the 
antenna 70 that includes some amount of non-linearity or 
evenan object that is external to the communication device 64 
(e.g., a fence). Due to the non-linearity of the PIM source 82. 
PIM is introduced into a radio frequency receive signal 
received at the antenna 70. The PIM includes a number of 
IMPs of the radio frequency transmit signal. The IMPs 
include 2" order IMPs, 3" order IMPs, etc. 
0.052 The receiver 68 includes conventional receiver com 
ponents such as, for example, a LNA 84, filters (not shown), 
down-conversion circuitry (not shown), an analog-to-digital 
converter (not shown), and the like. The receiver 68 operates 
to process (e.g., amplify, filter, down-convert, and analog-to 
digital convert) a radio frequency receive signal received 
from the antenna 70 via the duplexer 72 to output a digital 
output signal, which is referred to herein as a main receiver 
output signal. The IMPs of the radio frequency transmit sig 
nal produced by the PIM source 82 that fall within a passband 
of the receiver 68 result in PIM distortion in the main receiver 
output signal that is output by the receiver 68. As discussed 
below, an estimate of the PIM distortion, which is a digital 
signal referred to hereinas a PIM estimate signal, is generated 
and provided to subtraction circuitry 86. The subtraction cir 
cuitry 86 operates to subtract the PIM estimate signal from the 
main receiver output signal in the digital domain to thereby 
provide a compensated output signal. The PIM estimate sig 
nal is generated such that the PIM distortion in the compen 
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sated output signal is minimized, or at least Substantially 
reduced, as compared to the PIM distortion in the main 
receiver output signal. 
0053. In this embodiment, the PIM estimate signal is gen 
erated by the combined DPD and PIM estimate generation 
subsystem 74. It should be noted that, together, the combined 
DPD and PIM estimate generation subsystem 74 and the 
subtraction circuitry 86 are referred to herein as a PIM com 
pensation Subsystem and, more specifically, an all-digital 
PIM compensation subsystem. The combined DPD and PIM 
estimate generation Subsystem 74 operates to predistort the 
digital input signal of the transmitter 66 according to a behav 
ioral model of an inverse of a non-linearity of the transmitter 
66 (e.g., a non-linearity of the PA 80) to provide a predistorted 
digital input signal that is Subsequently digital-to-analog con 
verted, upconverted, and amplified to provide the radio fre 
quency transmit signal. In addition, the combined DPD and 
PIM estimate generation subsystem 74 processes the digital 
input signal of the transmitter 66 according to a behavioral 
model of the transmitter 66, the PIM source 82, and the 
receiver 68 to thereby generate the PIM estimate signal. 
0054. In this embodiment, the combined DPD and PIM 
estimate generation Subsystem 74 uses one or more shared 
components to generate the predistorted digital input signal 
and the PIM estimate signal. More specifically, in one pre 
ferred embodiment, the behavioral model of the inverse of the 
non-linearity of the transmitter 66 is a simplified Volterra 
model, where the digital input signal of the transmitter 66 is 
an input of the simplified Volterra model and the predistorted 
digital input signal is an output of the simplified Volterra 
model. Likewise, the behavioral model of the transmitter 66, 
the PIM source 82, and the receiver 68 used to generate the 
PIM estimate signal is a simplified Volterra model, where the 
digital input signal of the transmitter 66 is an input of the 
simplified Volterra model and the PIM estimate signal is an 
output of the simplified Volterra model. In one particular 
embodiment, each of the simplified Volterra models is a gen 
eralized memory polynomial model for a desired memory 
depth (e.g., a memory depth of 2) and a desired order. In this 
embodiment where the behavioral models are simplified Vol 
terra models (e.g., generalized memory polynomial models), 
the one or more shared components used to generate the 
predistorted digital input signal and the PIM estimate signal 
are one or more shared regressors. The one or more shared 
regressors are used for both the simplified Volterra model of 
the inverse of the non-linearity of the transmitter 66 and the 
simplified Volterra model of the transmitter 66, the PIM 
source 82, and the receiver 68 used to generate the PIM 
estimate signal. In this manner, cost and complexity is Sub 
stantially reduced. 
0055. The behavioral model of the inverse of the non 
linearity of the transmitter 66 and the behavioral model of the 
transmitter 66, the PIM source 82, and the receiver 68 are 
trained using any suitable training technique. For example, in 
the embodiment where the behavioral models are generalized 
memory polynomials, the regressors are known for the 
desired memory depth(s) and order(s), and the weights are 
trained such that IMD in the radio frequency transmit signal 
and that the PIM distortion in the compensated output signal 
are minimized. In one preferred embodiment, resources (i.e., 
hardware and/or software resources) utilized to train the 
behavioral models are shared. For example, in some embodi 
ments, the same resources may be used to train the two 
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behavioral models by Switching the inputs of a training algo 
rithm implemented by the resources. 
0056. In one embodiment, the radio frequency transmit 
signal output by the transmitter 66 is a concurrent multi-band 
signal. The digital input signal includes a separate baseband 
representation for each frequency band of the concurrent 
multi-band radio frequency transmit signal. In this embodi 
ment, the transmitter 66 treats the concurrent multi-band 
radio frequency transmit signal as a single wideband signal. 
0057 FIG. 10 illustrates one example of the combined 
DPD and PIM estimate generation subsystem 74 of FIG. 9 
according to one embodiment of the present disclosure. In 
this embodiment, the radio frequency transmit signal is a 
concurrent dual-band transmit signal having a first frequency 
band centered at frequency f. and a second frequency band 
centered at frequency f. in a manner similar to that illustrated 
in FIG. 7. The transmitter 66, and thus the combined DPD and 
PIM estimate generation subsystem 74, treats the dual-band 
radio frequency transmit signal as a single wideband signal 
that is represented by the digital input signal (X) of the 
transmitter 66. In addition, the receiver 68 has two paired 
receive channels near 3f-2f and 2f-fi, respectively, in a 
manner similar to that illustrated in FIG. 7. Note that FIG. 10 
illustrates an embodiment of the combined DPD and PIM 
estimate generation Subsystem 74 that utilizes memory poly 
nomials. However, the combined DPD and PIM estimate 
generation subsystem 74 is not limited thereto. For example, 
the combined DPD and PIM estimate generation subsystem 
74 may alternatively use another implementation of a gener 
alized memory polynomial. 
0058 As illustrated, the combined DPD and PIM estimate 
generation subsystem 74 includes a wideband DPD (WB 
DPD) subsystem 88 and a PIM estimate signal generation 
subsystem 90. In this embodiment, the WB-DPD subsystem 
88 implements a memory polynomial model of the inverse of 
the non-linearity of the transmitter 66. More specifically, in 
this embodiment, the WB-DPD subsystem 88 includes a 
number of delays 92-1 through 92-M, regressors 94-0 
through94-(N-1), regressors 96-0 through96-(N-1), regres 
sors 98-0 through 98-(N-1), weighting functions 100-0 
through 100-(N-1), weighting functions 102-0 through 102 
(N-1), weighting functions 104-0 through 104-(N-1), sum 
mation nodes 106-0 through 106-M, and a summation node 
108 connected as shown, where M is a memory depth of the 
generalized memory polynomial model and N is an order of 
the memory polynomial. Notably, the regressors 94-0 
through94-(N-1), the regressors 96-0 through96-(N-1), and 
the regressors 98-0 through 98-(N-1) may not be imple 
mented in hardware in exactly the same manner illustrated in 
FIG. 10. For example, a regressor that outputs Xin"Xin' 
may use the result of a previous regressor that outputs Xin 
|xn|' and multiply it by |xn||. Further, the regressors 
94-0 through 94-(N-1), the regressors 96-0 through 96-(N- 
1), and the regressors 98-0 through 98-(N-1) may be more 
complex functions such as, for example, orthogonal func 
tions. It should also be noted that while both odd and even 
linear orders are illustrated, in an alternative embodiment, 
only odd orders may be used. 
0059. In operation, the digital input signal (x) of the 
transmitter 66 is passed through the regressors 94-0 through 
94-(N-1) and the resulting regressor output signals are 
weighted by the weighting functions 100-0 through 100-(N- 
1) and then summed by the summation node 106-0. Likewise, 
a first delayed version of the digital input signal (X) output 
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by the delay 92-1 is passed through the regressors 96-0 
through 96-(N-1) and the resulting regressor output signals 
are weighted by the weighting functions 102-0 through 102 
(N-1) and then summed by the summation node 106-1. In the 
same manner, a final delayed version of the digital input 
signal (x,) output by the delay 92-M is passed through the 
regressors 98-0 through 98-(N-1) and the resulting regressor 
output signals are weighted by the weighting functions 104-0 
through 104-(N-1) and then summed by the summation node 
106-M. The outputs of the summation nodes 106-1 through 
106-Mare summed by the summation node 108 to provide the 
predistorted digital input signal (y,z). 
0060. The PIM estimate signal generation subsystem 90 
implements the memory polynomial model of the transmitter 
66, the PIM source 82, and the receiver 68 utilizing the 
outputs of some of the regressors 94-0 through 94-(N-1), 
96-0 through 96-(N-1), and 98-0 through 98-(N-1) of the 
WB-DPD subsystem 88. In this manner, the PIM estimate 
signal generation Subsystem 90 re-uses or shares some of the 
regressors 94-0 through 94-(N-1), 96-0 through 96-(N-1), 
and 98-0 through 98-(N-1) of the WB-DPD subsystem 88. 
0061 The PIM estimate signal generation subsystem 90 
includes weighting functions 110-0 through 110-(N-3), 
weighting functions 112-0 through 112-(N-3), weighting 
functions 114-0 through 114-(N-3), summation nodes 116-0 
through 116-M, and summation node 118 connected as 
shown. The outputs of the regressors 94-2 through 94-(N-1) 
are connected to inputs of the weighting functions 110-0 
through 110-(N-3), respectively. The outputs of the regres 
sors 96-2 through 96-(N-1) are connected to inputs of the 
weighting functions 112-0 through 112-(N-3), and the out 
puts of the regressors 98-2 through98-(N-1) are connected to 
inputs of the weighting functions 114-0 through 114-(N-3), 
respectively. In operation, the output signals of the regressors 
94-2 through 94-(N-1) are weighted by the weighting func 
tions 110-0 through 110-(N-3), respectively, and then 
summed by the summation node 116-0. The output signals of 
the regressors 96-2 through 96-(N-1) are weighted by the 
weighting functions 112-0 through 112-(N-3), respectively, 
and then summed by the summation node 116-1. Likewise, 
the output signals of the regressors 98-2 through98-(N-1) are 
weighted by the weighting functions 114-0 through 114-(N- 
3), respectively, and then combined by the Summation node 
116-M. The output signals of the summation nodes 116-0 
through 116-Mare summed by the summation node 118, and 
the resulting signal is decimated to a sampling rate of the 
receiver 68 by a decimator 120 to thereby provide a first 
component of the PIM estimate signal for the paired receive 
channel centered near 2f-f. 
0062. Likewise, the PIM estimate signal generation sub 
system 90 includes weighting functions 122-0 through 122 
(N-3), weighting functions 124-0 through 124-(N-3), 
weighting functions 126-0 through 126-(N-3), summation 
nodes 128-0 through 128-M, and summation node 130 con 
nected as shown. The outputs of the regressors 94-2 through 
94-(N-1) are connected to inputs of the weighting functions 
122-0 through 122-(N-3), respectively. The outputs of the 
regressors 96-2 through 96-(N-1) are connected to inputs of 
the weighting functions 124-0 through 124-(N-3), and the 
outputs of the regressors 98-2 through 98-(N-1) are con 
nected to inputs of the weighting functions 126-0 through 
126-(N-3), respectively. In operation, the output signals of 
the regressors 94-2 through 94-(N-1) are weighted by the 
weighting functions 122-0 through 122-(N-3), respectively, 
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and then summed by the summation node 128-0. The output 
signals of the regressors 96-2 through96-(N-1) are weighted 
by the weighting functions 124-0 through 124-(N-3), respec 
tively, and then summed by the summation node 128-1. Like 
wise, the output signals of the regressors 98-2 through 98 
(N-1) are weighted by the weighting functions 126-0 through 
126-(N-3), respectively, and then combined by the summa 
tion node 128-M. The output signals of the summation nodes 
128-0 through 128-Mare summed by the summation node 
130, and the resulting signal is decimated to a samplingrate of 
the receiver 68 by a decimator 132 to thereby provide a 
second component of the PIM estimate signal for the paired 
receive channel centered near 3f.-2f. The first and second 
components of the PIM estimate signal are combined by a 
summation node 133 to provide the PIM estimate signal. 
0063. The memory polynomial models implemented by 
the WB-DPD subsystem 88 and the PIM estimate signal 
generation Subsystem 90 are trained using any Suitable train 
ing technique. More specifically, the regressors 94-0 through 
94-(N-1), the regressors 96-0 through 96-(N-1), and the 
regressors 98-0 through 98-(N-1) are known for the desired 
memory depth and order. A Suitable training algorithm is used 
to train weighting factors ao through aox, a through ay. 
a through av, bos through box, bis through by bats 
through by cos through Cox, c is through civ, and cats 
through cy. Such that IMD in the radio frequency transmit 
signal and the PIM distortion in the main receiver output 
signal are minimized. In one preferred embodiment, 
resources (i.e., hardware and/or software resources) utilized 
to train the memory models are shared. For example, in some 
embodiments, the same resources may be used to train the 
two memory models by Switching the inputs of a training 
algorithm implemented by the resources. 
0.064 FIG. 11 illustrates a communication device 134 that 
provides all-digital PIM compensation according to another 
embodiment of the present disclosure. The communication 
device 134 may be a base station for a cellular communication 
network, but is not limited thereto. The communication 
device 134 is preferably a multi-carrier or multi-band com 
munication device (e.g., a communication device that simul 
taneously operates in two different LTE frequency bands). As 
illustrated, the communication device 134 includes a trans 
mitter 136 and a receiver 138 (also referred to herein as the 
main receiver 138) coupled to an antenna 140 via a duplexer 
142. The transmitter 136 is referred to herein as a “companion 
transmitter of the receiver 138. Likewise, the receiver 138 is 
referred to hereinas a “companion receiver of the transmitter 
136. 

0065. The transmitter 136 includes a combined DPD and 
PIM estimate generation Subsystem 144, an upconversion 
and combining subsystem 146, and a PA 148 connected as 
shown. The transmitter 136 operates to process (e.g., predis 
tort, digital-to-analog convert, up-convert, combine, and 
amplify, but not necessarily in that order) multiple digital 
input signals (S1 through S), which are preferably digital 
baseband signals, to output a concurrent multi-band radio 
frequency transmit signal. Each of the digital input signals (S 
through S) is a digital representation of a signal for a 
different frequency band of the N frequency bands of the 
concurrent multi-band radio frequency transmit signal. The 
radio frequency transmit signal then passes through the 
duplexer 142 to the antenna 140 such that the radio frequency 
transmit signal is transmitted by the communication device 
134. After being output by the transmitter 136, the radio 
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frequency transmit signal passes through a PIM source 150. 
In this example, the PIM source 150 is an antenna port of the 
duplexer 142. However, the PIM source 150 is not limited 
thereto. Rather, the PIM source 150 may be any passive 
component between an output of the transmitter 136 and the 
antenna 140 that includes some amount of non-linearity or 
even an object that is external to the communication device 
134 (e.g., a fence). Due to the non-linearity of the PIM source 
150, PIM is introduced into a radio frequency receive signal 
received at the antenna 140. The PIM includes a number of 
IMPs of the radio frequency transmit signal. The IMPs 
include 2" order IMPs, 3" order IMPs, etc. 
0066. The receiver 138 includes conventional receiver 
components such as, for example, a LNA 152, filters (not 
shown), down-conversion circuitry (not shown), an analog 
to-digital converter (not shown), and the like. The receiver 
138 operates to process (e.g., amplify, filter, down-convert, 
and analog-to-digital convert) the radio frequency receive 
signal received from the antenna 140 via the duplexer 142 to 
output a digital output signal, which is referred to herein as a 
main receiver output signal. The IMPs of the radio frequency 
transmit signal produced by the PIM source 150 that fall 
within a passband of the receiver 138 result in PIM distortion 
in the main receiver output signal that is output by the receiver 
138. As discussed below, an estimate of the PIM distortion, 
which is a digital signal referred to herein as a PIM estimate 
signal, is generated and provided to Subtraction circuitry 154. 
The subtraction circuitry 154 operates to subtract the PIM 
estimate signal from the main receiver output signal in the 
digital domain to thereby provide a compensated output sig 
nal. The PIM estimate signal is generated such that the PIM 
distortion in the compensated output signal is minimized, or 
at least substantially reduced, as compared to the PIM distor 
tion in the main receiver output signal. 
0067. In this embodiment, the PIM estimate signal is gen 
erated by the combined DPD and PIM estimate generation 
subsystem 144. It should be noted that, together, the com 
bined DPD and PIM estimate generation subsystem 144 and 
the subtraction circuitry 154 are referred to herein as a PIM 
compensation Subsystem, and more specifically an all-digital 
PIM compensation subsystem. The combined DPD and PIM 
estimate generation Subsystem 144 operates to predistort the 
digital input signals of the transmitter 136 according to a 
behavioral model of an inverse of a non-linearity of the trans 
mitter 136 (e.g., a non-linearity of the PA 148) to provide 
predistorted digital input signals that are Subsequently up 
converted, combined, and digital-to-analog converted (but 
not necessarily in that order) by the upconversion and com 
bining subsystem 146 and then amplified by the PA 148 to 
provide the concurrent multi-band radio frequency transmit 
signal. In addition, the combined DPD and PIM estimate 
generation Subsystem 144 operates to process the digital 
input signals of the transmitter 136 according to a behavioral 
model of the transmitter 136, the PIM source 150, and the 
receiver 138 to thereby generate the PIM estimate signal. 
0068. In this embodiment, the combined DPD and PIM 
estimate generation Subsystem 144 uses one or more shared 
components to generate the predistorted digital input signals 
and the PIM estimate signal. More specifically, in one pre 
ferred embodiment, the behavioral model of the inverse of the 
non-linearity of the transmitter 136 is a simplified Volterra 
model having multiple inputs, where the digital input signals 
of the transmitter 136 are the inputs of the simplified Volterra 
model and the predistorted digital input signals are outputs of 
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the simplified Volterra model. Likewise, the behavioral model 
of the transmitter 136, the PIM source 150, and the receiver 
138 used to generate the PIM estimate signal is a simplified 
Volterra model having multiple inputs, where the digital input 
signals of the transmitter 136 are inputs of the simplified 
Volterra model and the PIM estimate signal is an output of the 
simplified Volterra model. In one particular embodiment, 
each of the simplified Volterra models is a generalized 
memory polynomial model for a desired memory depth (e.g., 
a memory depth of2) and order. In this embodiment where the 
behavioral models are simplified Volterra models (e.g., gen 
eralized memory polynomial models), the one or more shared 
components used to generate the predistorted digital input 
signals and the PIM estimate signal are one or more shared 
regressors. The one or more shared regressors are used for 
both the simplified Volterra model of the inverse of the non 
linearity of the transmitter 136 and the simplified Volterra 
model of the transmitter 136, the PIM source 150, and the 
receiver 138 used to generate the PIM estimate signal. In this 
manner, cost and complexity is Substantially reduced. 
0069 FIGS. 12A and 12B illustrate one example of the 
combined DPD and PIM estimate generation subsystem 144 
of FIG. 11 according to one embodiment of the present dis 
closure. In this embodiment, the concurrent multi-band radio 
frequency transmit signal is a concurrent dual-band transmit 
signal having a first frequency band centered at frequency f. 
and a second frequency band centered at frequency f. in a 
manner similar to that illustrated in FIG. 7. In addition, the 
receiver 138 has two paired receive channels near 3f,-2f and 
2f-f, respectively, in a manner similar to that illustrated in 
FIG. 7. Note that FIGS. 12A and 12B illustrate an embodi 
ment of the combined DPD and PIM estimate generation 
subsystem 144 that utilizes memory polynomials. However, 
the combined DPD and PIM estimate generation subsystem 
144 is not limited thereto. For example, the combined DPD 
and PIM estimate generation Subsystem 144 may alterna 
tively use another implementation of a generalized memory 
polynomial. 
0070. As illustrated, the combined DPD and PIM estimate 
generation subsystem 144 includes a dual-band DPD (DB 
DPD) subsystem 156 (FIG. 12A) and a PIM estimate signal 
generation subsystem 158 (FIG. 12B). In this embodiment, 
the DB-DPD subsystem 156 implements a memory polyno 
mial model of the inverse of the non-linearity of the transmit 
ter 136 for a concurrent dual-band signal. More specifically, 
in this embodiment, the DB-DPD subsystem 156 includes 
delays 160-1 and 160-2 for the first digital input signal (x), 
delays 162-1 and 162-2 for the second digital input signal 
(X), a number of regressors formed by partial regressor com 
ponents 164-1 through 164-10, weighting functions 166-1 
through 166-20, summation nodes 168-1 through 168-4, 
summation nodes 169-1 through 169-4, multipliers 170-1 
through 170-4, and summation nodes 172-1 through 172-4 
connected as shown. If the desired memory depth is greater 
than 1, then the DB-DPB subsystem 156 will have additional 
delays, regressor components, weighting functions, multipli 
ers, and Summation nodes connected in the same manner for 
the additional memory depth. 
0071. The partial regressor components 164-1 and 164-2 
form a first partial regressor, the partial regressor component 
164-2 forms a second partial regressor, the partial regressor 
components 164-2 and 164-3 form a third partial regressor 
component, and so on. Note that while the regressors are 
illustrated as being relatively simple, the regressors may be 
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more complex. For example, the regressors may alternatively 
be orthogonal. Further, only odd orders are illustrated, in an 
alternative embodiment, both odd and even orders are used. In 
operation, the digital input signals (x and X) of the transmit 
ter 136 are passed through the delays 160-1 and 160-2 for the 
first digital input signal (x), the delays 162-1 and 162-2 for 
the second digital input signal (X), the partial regressor com 
ponents 164-1 through 164-10, the weighting functions 166-1 
through 166-20, the summation nodes 168-1 through 168-4, 
the summation nodes 169-1 through 169-4, the multipliers 
170-1 through 170-4, and the summation nodes 172-1 
through 172-4 to provide predistorted digital input signals 
(y DPD?) and y DPD/2). 
0072 The PIM estimate signal generation subsystem 158 
(FIG. 12B) implements a memory polynomial model of the 
transmitter 136, the PIM source 150, and the receiver 138 
utilizing the outputs of some of the partial regressors formed 
by the partial regressor components 164-1 through 164-10 of 
the DB-DPD subsystem 156. In this manner, the PIM esti 
mate signal generation Subsystem 158 re-uses some of the 
partial regressors of the DB-DPD subsystem 156. In this 
particular embodiment, some of the partial regressors of the 
DB-DPD subsystem 156 are used as partial regressors for the 
memory polynomial model implemented by the PIM estimate 
signal generation Subsystem 158. 
0073. In this embodiment, the PIM estimate signal gen 
eration subsystem 158 includes weighting functions 174-1 
through 174-20, summation nodes 176-1 through 176–4, 
summation nodes 178-1 through 178-4, multipliers 180-1 
through 180-4, additional partial regressor components 182-1 
through 182-6, delays 184-1 and 184-2, delays 186-1 and 
186-2, summation nodes 188-1 through 188-4, and decima 
tors 190 and 192 connected as shown. In order to generate a 
first component of the PIM estimate signal for the paired 
receive channel near 3f-2f, the partial regressor output 
signals output by the partial regressor components 164-1 
through 164-5 of the DB-DPD subsystem 156 are first 
weighted and summed by the weighting functions 174-1 
through 174-5 and the summation node 176-1, and the partial 
regressor output signals of the regressor components 164-6 
through 164-10 are weighted and summed by the weighting 
functions 174-11 through 174-15 and the summation node 
176-3. The outputs of the summation nodes 176-1 and 176-3 
are Summed together with offsets bo and b, respectively, at 
the summation nodes 178-1 and 178-3. The multiplier 180-1 
then multiplies the output of the partial regressor component 
182-3 and the output of the summation node 178-1. Likewise, 
the multiplier 180-3 multiplies a delayed version of the output 
of the partial regressor component 182-3 provided by the 
delay 186-1 and the output of the summation node 178-3. The 
outputs of the summation nodes 180-1 and 180-3 are summed 
by the summation nodes 188-1 and 188-3, and the resulting 
signal is decimated to a sampling rate of the receiver 138 by 
the decimator 190 to thereby provide the first component of 
the PIM estimate signal for the paired receive channel near 

0074. In order to generate a second component of the PIM 
estimate signal for the paired receive channel near 2f-f the 
regressor output signals output by the partial regressor com 
ponents 164-1 through 164-5 of the DB-DPD subsystem 156 
are first weighted and Summed by the weighting functions 
174-6 through 174-10 and the summation node 176-2, and the 
partial regressor output signals of the partial regressor com 
ponents 164-6 through 164-10 are weighted and summed by 
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the weighting functions 174-16 through 174-20 and the sum 
mation node 176-4. The outputs of the summation nodes 
176-2 and 176-4 are summed together with offsets bor and 
b. respectively, at the summation nodes 178-2 and 178-4. 
The multiplier 180-2 then multiplies the output of the partial 
regressor component 182-4 and the output of the summation 
node 178-2. Likewise, the multiplier 180-4 multiplies a 
delayed version of the output of the partial regressor compo 
nent 182-4 provided by the delay 184-1 and the output of the 
summation node 178-4. The outputs of the summation nodes 
180-2 and 180-4 are summed by the summation nodes 188-2 
and 188-4, and the resulting signal is decimated to a sampling 
rate of the receiver 138 by the decimator 192 to thereby 
provide the second component of the PIM estimate signal for 
the paired receive channel near 2f-fi (yer-a). In this 
embodiment, the first and second components of the PIM 
estimate signal are summed by a summation node 194 to 
provide the PIM estimate signal. 
0075. The memory polynomial models implemented by 
the DB-DPD subsystem 156 and the PIM estimate signal 
generation subsystem 158 are trained using any suitable train 
ing technique. More specifically, the regressors are known for 
the desired memory depth and order. A suitable training algo 
rithm is used to train weighting factors ao through a 20 and bol 
through bo as well as the offsets ao aos at a labor boa, 
b, and b such that IMD in the radio frequency transmit 
signal and the PIM distortion in the main receiver output 
signal are minimized. In one preferred embodiment, 
resources (i.e., hardware and/or software resources) utilized 
to train the memory models are shared. For example, in some 
embodiments, the same resources may be used to train the 
two memory models by switching the inputs of a training 
algorithm implemented by the resources. 
0076 FIG. 13 illustrates a process for providing PIM com 
pensation according to one embodiment of the present dis 
closure. First, one or more digital input signals of a transmit 
ter are processed according to a simplified Volterra model of 
an inverse of a nonlinearity of the transmitter to provide 
predistorted input signal(s) for the transmitter (step 2000). 
Outputs of at least a subset of the regressors, or partial regres 
sors, in the simplified Volterra model are processed to provide 
a PIM estimate signal according to a simplified Volterra 
model of the transmitter, a PIM source, and a companion 
receiver of the transmitter (step 2002). The PIM estimate 
signal is subtracted from a digital output signal of the receiver 
to provide a compensated output signal (step 2004). 
0077. The following acronyms are used throughout this 
disclosure. 

0078 BB Baseband 
0079 DB-DPD Dual-Band Digital Predistorter 
0080 D/A Digital-to-Analog 
I0081 DPD Digital Predistorter or Digital Predistortion 
0082 IMD Intermodulation Distortion 
0.083 IMP Intermodulation Product 
0084 LMS Least Mean Squares 
0085 LNA Low Noise Amplifier 
I0086) LTE Long Term Evolution 
I0087 MHz Megahertz 
0088 PA Power Amplifier 
0089 PIM Passive Intermodulation 
0090 RF Radio Frequency 
0.091 RX Receive 
0092. SMA Subminiature Version A 
0093. TX Transmit 
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0094 WB-DPD Wideband Digital Predistorter 
0.095 Those skilled in the art will recognize improve 
ments and modifications to the preferred embodiments of the 
present disclosure. All such improvements and modifications 
are considered within the scope of the concepts disclosed 
herein and the claims that follow. 
What is claimed is: 
1. A communication device comprising: 
a transmitter configured to receive a digital input signal and 

output a radio frequency transmit signal that is transmit 
ted by the communication device; 

a main receiver configured to receive a radio frequency 
receive signal and output a digital output signal, the 
digital output signal comprising passive intermodula 
tion distortion that is a non-linear function of the radio 
frequency transmit signal output by the transmitter; 

a passive intermodulation compensation subsystem con 
figured to: 
receive the digital input signal of the transmitter, and 
generate a digital passive intermodulation estimate sig 

nal that is an estimate of the passive intermodulation 
distortion in the digital output signal of the main 
receiver based on the digital input signal of the trans 
mitter according to a behavioral model of the trans 
mitter, a source of the passive intermodulation distor 
tion, and the main receiver; and 

subtract the digital passive intermodulation estimate sig 
nal from the digital output signal of the main receiver 
to thereby provide a compensated digital output sig 
nal. 

2. The communication device of claim 1 wherein the 
behavioral model is a simplified Volterra model. 

3. The communication device of claim 1 wherein the 
behavioral model is a generalized memory polynomial 
model. 

4. The communication device of claim 1 wherein the pas 
sive intermodulation compensation subsystem is a combined 
digital predistortion and passive intermodulation estimate 
generation subsystem configured to: 

receive the digital input signal of the transmitter; 
predistort the digital input signal of the transmitter accord 

ing to a behavioral model of an inverse of a nonlinearity 
of the transmitter; and 

generate the digital passive intermodulation estimate sig 
nal based on the digital input signal. 

5. The communication device of claim 4 wherein the com 
bined digital predistortion and passive intermodulation esti 
mate generation subsystem comprises one or more compo 
nents that are utilized for both predistortion of the digital 
input signal and generation of the digital passive intermodu 
lation estimate signal. 

6. The communication device of claim 5 wherein the 
behavioral model of the inverse of the nonlinearity of the 
transmitter and the behavioral model of the transmitter, the 
source of the passive intermodulation distortion, and the main 
receiver are simplified Volterra models, and the one or more 
components are one or more shared regressors of the simpli 
fied Volterra models. 

7. The communication device of claim 6 wherein the sim 
plified Volterra models are generalized memory polynomial 
models. 

8. The communication device of claim 5 wherein the 
behavioral model of the inverse of the nonlinearity of the 
transmitter and the behavioral model of the transmitter, the 
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Source of the passive intermodulation distortion, and the main 
receiver are trained using the same resources. 

9. The communication device of claim 4 wherein the radio 
frequency transmit signal is a concurrent multi-band signal, 
and the digital input signal of the transmitter is a digital 
representation of the concurrent multi-band signal. 

10. The communication device of claim 1 wherein: 
the transmitter is configured to receive a plurality of digital 

input signals, including the digital input signal, and pro 
cess the plurality of digital input signals to provide the 
radio frequency transmit signal as a concurrent multi 
band signal, where each digital input signal of the plu 
rality of digital input signals corresponds to a different 
frequency band of a plurality of frequency bands of the 
concurrent multi-band signal; and 

the passive intermodulation compensation Subsystem is 
configured to receive the plurality of digital input signals 
of the transmitter and generate the digital passive inter 
modulation estimate signal that is indicative of the pas 
sive intermodulation distortion in the digital output sig 
nal of the main receiver based on the plurality of digital 
input signals of the transmitter according to the behav 
ioral model of the transmitter, the source of the passive 
intermodulation distortion, and the main receiver. 

11. The communication device of claim 10 wherein the 
passive intermodulation compensation Subsystem is a com 
bined digital predistortion and passive intermodulation esti 
mate generation Subsystem configured to: 

receive the plurality of digital input signals; 
predistort the plurality of digital input signals of the trans 

mitter according to a behavioral model of an inverse of a 
nonlinearity of the transmitter; and 

generate the digital passive intermodulation estimate sig 
nal based on the plurality of digital input signals. 

12. The communication device of claim 11 wherein the 
combined digital predistortion and passive intermodulation 
estimate generation Subsystem comprises one or more com 
ponents that are utilized for both predistortion of the plurality 
of digital input signals and generation of the digital passive 
intermodulation estimate signal. 

13. The communication device of claim 12 wherein the 
behavioral model of the inverse of the nonlinearity of the 
transmitter and the behavioral model of the transmitter, the 
Source of the passive intermodulation distortion, and the main 
receiver are simplified Volterra models, and the one or more 
shared components are one or more shared regressors of the 
simplified Volterra models. 

14. The communication device of claim 13 wherein the 
simplified Volterra models are generalized memory polyno 
mial models. 

15. The communication device of claim 11 wherein the 
behavioral model of the inverse of the nonlinearity of the 
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transmitter and the behavioral model of the transmitter, the 
Source of the passive intermodulation distortion, and the main 
receiver are trained using the same resources. 

16. The communication device of claim 1 wherein the 
transmitter and the main receiver are coupled to an antenna of 
the communication device via a duplexer. 

17. The communication device of claim 1 wherein the 
communication device is a base station in a cellular commu 
nications network. 

18. A method of operation of a communication device 
comprising a transmitter configured to receive a digital input 
signal and output a radio frequency transmit signal that is 
transmitted by the communication device and a main receiver 
configured to receive a radio frequency receive signal and 
output a digital output signal, the digital output signal com 
prising passive intermodulation distortion that is a non-linear 
function of the radio frequency transmit signal output by the 
transmitter, the method comprising: 

generating a digital passive intermodulation estimate sig 
nal that is an estimate of the passive intermodulation 
distortion in the digital output signal of the main receiver 
based on the digital input signal of the transmitter 
according to a behavioral model of the transmitter, a 
Source of the passive intermodulation distortion, and the 
main receiver, and 

Subtracting the digital passive intermodulation estimate 
signal from the digital output signal of the main receiver 
to thereby provide a compensated digital output signal. 

19. The method of claim 18 further comprising: 
predistorting the digital input signal according to a behav 

ioral model of an inverse of a nonlinearity of the trans 
mitter; 

wherein generating the digital passive intermodulation 
estimate signal and predistorting the digital input signal 
utilize one or more shared components of the behavioral 
model of the inverse of the nonlinearity of the transmit 
ter and the behavioral model of the transmitter, the 
Source of the passive intermodulation distortion, and the 
main receiver. 

20. The method of claim 19 wherein the behavioral model 
of the inverse of the nonlinearity of the transmitter and the 
behavioral model of the transmitter, the source of the passive 
intermodulation distortion, and the main receiver are simpli 
fied Volterra models, and the one or more shared components 
are one or more shared regressors of the simplified Volterra 
models. 

21. The method of claim 20 further comprising training the 
behavioral model of the inverse of the nonlinearity of the 
transmitter and the behavioral model of the transmitter, the 
Source of the passive intermodulation distortion, and the main 
receiver using the same resources. 
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